We attempted to obtain a novel spongy hydrogel from aqueous Bombyx mori (B. Mori) sericin by using a freeze-thaw method without any cross-linking reagent. The aqueous sericin solution utilized was extracted from silkworm cocoons by using boiling method, and showed continuous molecular weight distribution mainly from 43 kDa to 212 kDa and even higher. To optimize the conditions for hydrogel preparation, the efficiency of hydrogel transformation from sericin solution were investigated by changing sericin concentration, freezing time, freezing temperature and frozen-thawed repetition. The porous characteristics of sericin hydrogel including the porosity, density and maximal water absorbency were performed by changing freezingn conditions. The pore size and morphology of hydrogels prepared at different concentration and freezing temperatures were observed with SEM. FTIR, XRD and DSC curves indicate that the hydrogel prepared at -20 °C and -80 °C adopt mainly random coil conformation.
Introduction
Sericin is a family of adhesive silk proteins synthesized exclusively by silk glands of silkworms, Bombyx mori (B. mori), which act as a protein glue to fix fibroin fiber together in cocoon. It is well known that sericin has superiorities including easier absorbency and release of moisture, oxidation resistant, anti-bacterial, UV resistant and biodegradation. More recently, sericin is proposed as a promising natural resource for developing novel protein-based materials as it has been found that sericin has unique characteristics, which enables it to be used as cell culture additive [1] , heterogeneous nucleation of hydroxyapatite inducer [2] , modification of cellulose fiber [3] and intelligent material composition [4] etc.
In order to process sericin into applicable form as medical biomaterials, many groups have focused on development of hydrogel from sericin. At room temperature, sericin solution can form weak hydrogel spontaneously within several hours, and the gelation process is thermal reversible [5] . It was found that the gelation of sericin solution was accelerated by mixing with poloxamer, and the resultant hydrogel is irreversible with respect to the temperature [6] . Some researches has been performed to improve mechanical properties of sericin hydrogel by cross-linking functional cross-linkers or mixing other macromolecules such as PVA or fibroin [7, 8] . Recently, an elastic sericin hydrogel was successfully prepared from sericin-hope cocoons by adding ethanol for gelation of sericin by Teramoto et al [9] . However, until recently, there is still little information available in literature about the preparation of spongy sericin hydrogel with good elastic properties from common sericin protein without adding any other reagent or polymer.
Freezing method is a safe, environmental friendly and cost efficient way. It has been widely applied in preparation of various porous and hydrogel materials [10] [11] [12] [13] . In this paper, a new spongy sericin hydrogel was developed from aqueous silk cocoon sericin by a frozen-thawed method according to the gelation property of sericin solution on freezing. The aqueous sericin was obtained by degumming silk cocoons with boiling water. The gelation proportion of sericin was investigated by changing sericin solution concentration, freezing time, freezing temperature and frozen-thawed repetition. The porosity, density and maximal water absorbency of sericin hydrogel were calculated. The morphology of sericin hydrogel was observed with Scanning Electron Microscope (SEM), and its secondary structure was confirmed with DSC, FT-IR and XRD. Fig. 1 shows the SDS-PAGE gel stained with Coomassie Blue R-250 for sericin solution used in the experiment. As shown in Fig. 1 , there were continuous bands higher than that at 43 kDa against Marker, and most of them were more than 56 kDa. Furthermore, the bands were higher than that at 212kDa against Marker. This indicated that the sericin solution extracted by boiling method here has higher molecular weight. Fig. 2a shows the topology of sericin hydrogel prepared from sericin solution with concentration of 8 wt% at -20 °C for 3 h followed by once frozen-thawed. After lyophilized, we can obtain porous dry gel with white color as shown in Fig. 2b . The dry gel can return to original (Fig. 2c) when it reached swelling equilibrium in water. So the hydrogel prepared here can be stored in wet state for short preservation or in dry state for longer preservation. The hydrogel was flexible in the wet condition but brittle in the dry condition which was similar to that prepared by Teramoto et al [9] . In contrast to sericin hydrogel formed at room temperature which can be easily crushed [5] , the wet hydrogel obtained here can be pushed down freely without any break just like sponge. The result showed that silk cocoon sericin can also be used to develop hydrogel with good mechanical property without any reagent.
Results and discussion
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Gelation proportion of sericin protein
In order to address the best preparation conditions for excellent efficiency of hydrogel formation from sericin solution, the gelation proportion of sericin was investigated by varying sericin solution concentration, freezing time, freezing temperature and frozen-thawed repetition respectively and the results are shown in Fig. 3 . As shown in Fig. 3a , the gelation proportion might not be affected by the solution concentration when it was higher than 2 wt%. The gelation proportion was higher than 60% when the concentration of sericin solution was higher than 0.5 wt%. It increased when the concentration was increased to 2 wt%, however, no clear change was observed when the concentration was higher than 2 wt%.
In Fig. 3b , the gelation proportion was decreased when the frozen temperature was decreased from -20 °C through -50 °C, -70 °C to -80 °C. The gelation proportion was 67.47% and 68.99% when the preparation temperature was set at -20 °C and -50 °C respectively. And it was decreased to 57.65% and 59.31% at -70 °C and -80 °C. So the best temperature for most of sericin transformation into network hydrogel should be at -50 °C, and the second should be at -20 °C. The mechanism of these phenomena is still unknown. Fig. 3c shows that there is a little increase in gelation proportion when the freezing time was prolonged from 2 hs to 3 hs and no obvious change is observed for longer freezing time. Namely, the gelation proportion of sericin protein was not changed dramatically when the sericin solution was frozen absolutely at 3h. Therefore, the freezing time for hydrogel preparation was usually set at 3h to shorten the preparation time. Figure 3d shows the effect of frozen-thawed repetition on gelation proportion of sericin protein. The increase in frozen-thawed repetition can increase the gelation proportion, however, not significantly, which implied that the preparation of hydrogel is independent of frozen-thawed repetition.
Based on the above discussion, the efficiency of sericin protein transformation into network structure was mainly affected by freezing temperature. Considering multiple factors on time and energy saving, operation convenience and utilization of sericin protein, the reasonable freezing time for hydrogel preparation was usually set at 3 h and frozen-thawed repetition was once. The sericin solution concentration and freezing temperature was set according to the practical demands, due to the obvious porous structure difference among those hydrogels prepared at different solution concentration and different temperature (Fig. 4, Fig. 5 , Tab. 1). Fig. 4 shows the SEM micrographs of hydrogel prepared by freezing sericin solution at -20 °C for 3hs by changing concentration at 2 wt%, 5 wt% and 8 wt%, respectively. The pore distribution and morphology of sericin hydrogel prepared from 2 wt% and 5 wt% sericin solution was irregular and its pore diameter was between 95 ~ 190 μm. When the solution concentration was increased to 8 wt%, the hydrogel obtained had smaller porous diameter (45 ~ 109 μm) and more regular pore morphology. This meant that the pore size of sericin hydrogel can be controlled by varying the concentration of sericin solution. Just like those hydrogel prepared before [11] , the higher concentration of sericin solution applied, smaller the size of pore radius obtained. Fig. 5 shows the SEM micrographs of hydrogel prepared from sericin solution with concentration of 8 wt% by changing frozen temperature at -20 °C and -80 °C, respectively. Fig. 5a and 5c are the cross section of hydrogel prepared at -20 °C and -80 °C, and Fig. 5b and 5d are their corresponding vertical section. The hydrogel prepared at -20 °C had interpenetrating porous structure while that prepared at -80 °C had continuous pores and sheet structure. This indicated that the pore shape of sericin hydrogel was related with the frozen speed of sericin solution.
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Porous Characteristics
Tab. 1 lists the density, porosity and maximal water absorbency of hydrogel prepared from different conditions. The porosity of hydrogel was not significantly affected by the concentration except the lower concentration (2 wt%). The density of sericin hydrogel increased with the sericin concentration while the Maximal water absorbency (WA max ) changed contrarily. No obvious difference was observed in the porosity of hydrogel prepared at different temperature. A large increase in density and a little decrease in WA max occurred when the freezing temperature decreased from -20 °C to -80 °C. Those data showed that the porosity of hydrogel prepared here can basically reach more than 90%, which is suitable for application in medical materials. 
Tab
Secondary Structure
We attempted to find out the secondary structure distribution of hydrogel prepared at -20 °C and -80 °C, respectively, as they appear different in morphology. Fig. 6 shows DSC curves of hydrogel prepared from sericin solution with concentration of 8 wt% at -20 °C and -80 °C. Two main endothermic peaks were observed at about 223 °C and 255 °C respectively. The previous studies [16, 17] showed that the DSC curve can reflect the secondary structure of silk sericin and the endothermic peak at 223 °C can be assigned to random coil conformation, while that at about 255 °C to β-sheet crystalline. So it was considered that the hydrogel prepared here adopt random coil conformation in addition to β-sheet according to the the DSC curves in Fig. 6 . caused mainly by C=O stretching vibration and that of amide II mainly from CN stretching vibration and NH bending vibration were usually designated for estimating protein secondary structure [9, 11, 18] . As shown in Fig. 7 (a) and 7(b), there was no significant difference observed between these two hydrogels, which meant that freezing temperature has no obvious effect on the secondary structure of sericin hydrogel but on its cross linked network structure (Fig. 5) . The secondary structure of protein was commonly considered to be β-sheet structure when the peaks of amide I was at 1625~1640cm -1 and those of amide II was at 1515~1525cm -1 , while it was random coil when the peaks of amide I was at 1650~1660cm -1 and those of amide II was at 1535~1545 cm -1 [19] . The main peaks of sericin hydrogel at 1660 cm -1 (amide I) and at 1535 cm -1 (amide II) indicated that these two hydrogels adopted predominantly random coil conformation. The shoulder peak of amide I at 1627cm -1 showed that a small amount of β-sheet structure was formed in these two hydrogels.
For confirmation of results from IR spectra and DSC curves, XRD analysis was also performed. As shown in Fig. 8 , a major peak at around 19.2° and a minor peak at around 13° were observed in the XRD curves, indicating that there was crystal structure in the hydrogel, however, the degree of crystallization was only about 16% (curve a) and 14% (curve b) respectively. This result was consistent with IR and DSC analysis, that is, sericin hydrogel prepared here adopted mainly amorphous conformation.
Conclusions
In this study, a novel spongy hydrogel was successfully prepared from silk cocoon sericin solution by using a simple frozen-thawed method. The efficiency of hydrogel transformation from sericin solution was not significantly affected by the sericin concentration, frozen time and frozen-thawed repetition. There was a remarkable difference in the morphology of sericin hydrogel prepared at -20 °C and -80 °C. The pore characteristics of sericin hydrogel were referable to sericin concentration and frozen temperature. The secondary structure of sericin hydrogels prepared adopted mainly the random coil from the results of DSC, FTIR and XRD. The properties and application of sericin hydrogel will be investigated under later research.
Experimental part
Materials
The cocoons of silkworm Bombyx mori (kindly provided by Huzhou Cocoon Testing Station, China) were cleaned and cut into small pieces for sericin protein extraction. The sericin was obtained by degumming cleaned cocoon pieces with 30-fold boiling distilled water for 30 min.
Molecular Weight Determination of Sericin Solution
Molecular weight of sericin solution was measured by SDS-PAGE with 8% separation gel and 5% stacking gel according to the method described previously by Sambrook et al [14] . The gel was stained with Coomassie Brilliant Blue R-250 (0.1%CBB, 40% alcohol and 10% acetic acid) and distained with reagent composed of 40% alcohol and 10% acetic acid. The Marker protein was a standard protein ladder with the range of molecular weight between 2/3 ~ 212 kDa.
Preparation of Spongy Sericin Hydrogel
The sericin hydrogel was prepared with a frozen-thawed method described in detail as follows: The obtained sericin solution was first filtrated with gauze and concentrated to a certain concentration such as 8 wt% with a rotary evaporator (Jiapeng Co., China). The sericin solution was put into the 24 well plate (2 ml/well) and left at room temperature for 5-10min followed by taking the plate into the refrigerator to frozen sericin solution. The frozen temperature was set at -20 °C, -50 °C and -80 °C respectively and the frozen time was set at 2 hs or longer. Then, the sericin gel was returned to room temperature for thawing. After completely thawed, the gel was taken out from the plate well carefully and washed with de-ionized water for about 5 times to remove the smaller protein molecules. The obtained wet hydrogel can be kept directly in deionized water at 4 °C or kept in sealed plastic bag for longer preservation after lyophilized.
Morphology of Sericin Hydrogel
The topology of sericin hydrogel was pictured with a digital camera. The microscopy image of dry sericin hydrogel was observed by XL30-ESEM Scanning Electron Microscope (Philips, Netherlands). The specimens were coated with gold by IB-5 ion sputtering instrument before observation with SEM.
Gelation proportion of Sericin protein
The dry sericin cylinders were prepared from sericin solution with different concentration according to the method described above and weighed. The gelation proportion of sericin protein was calculated on the basis of the formula (1):
where W d is the weight(g) of dry sericin cylinder, "2" the volume(ml) of sericin solution and C the concentration(g/ml) of sericin solution.
All samples were measured repeatedly at least 5 times and the values were expressed as the mean ± standard deviation (mean ± S.D.). The gelation proportion of sericin protein was plotted as a function of sericin solution concentration. Furthermore, the effect of frozen time, frozen temperature and frozen-thawed cycles on gelation proportion of sericin protein was also determined respectively with the same method.
Porous Characteristics of Sericin Hydrogel
The porosity (ε), density (d) and maximal water absorbency (WA max ) of the dry cylinder sericin hydrogel were measured by liquid displacement technique according to the method described by Rina et al. [15] with small modification. A sample of sericin hydrogel weighed W 1 was put in a beaker containing 25 ml deionized water, and then the beaker was kept in the vacuum pumping system to vacuumize till the gel swelled completely. The absolute swelling hydrogel weighed was W 2 by wiping off the surface water with wet filter paper. Next, the wet sericin hydrogel was put into the graduated flask filled with a certain volume of deionized water (V 1 ), and the total volume of water and hydrogel was recorded as V 2 . The volume difference (V 2 -V 1 ) is considered to be the total volume of the sericin hydrogel. 
Structural characteristics of Sericin hydrogel
FTIR spectra were obtained through a FTIR-8400S instrument (Shimadazu, Japan) with KBr disk at the resolution of 4cm -1 and 64 times scanning. XRD was performed with a D/max-2550pc automatic diffractmeter (Rigaku, Japan) with Cu K α radiation from a source operated at 40 kV and 50 mA at scanning rate of 2 °/min. DSC curves were measured with a DSC822 e instrument (Mettler Toledo, Switzerland) between 150 ~ 400 °C at a heating rate of 20 °C /min and nitrogen gas flow rate of 50 ml/min.
